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Abstract
 
Previous work has shown that memory-phenotype CD44
 
hi
 
 CD8
 
 
 
 cells are controlled by a cy-
tokine, interleukin (IL)-15. However, the dependency of CD44
 
hi
 
 CD8
 
 
 
 cells on IL-15 is par-
tial rather than complete. Here, evidence is presented that CD44
 
hi
 
 CD8
 
 
 
 cells comprise a
mixed population of IL-15–dependent and IL-15–independent cells. The major subset of
CD122
 
hi
 
 CD44
 
hi
 
 CD8
 
 
 
 cells is heavily dependent on IL-15 by three different parameters,
 
namely (1) “bystander” proliferation induced via IFN-induced stimulation of the innate immune
system, (2) normal “background” proliferation, and (3) T cell survival; IL-15 dependency is
most extreme for the Ly49
 
 
 
 subset of CD122
 
hi
 
 CD44
 
hi
 
 CD8
 
 
 
 cells. In contrast to CD122
 
hi
 
cells, the CD122
 
lo
 
 subset of CD44
 
hi
 
 CD8
 
 
 
 cells is IL-15 independent; likewise, being CD122
 
lo
 
,
CD44
 
hi
 
 CD4
 
 
 
 cells are IL-15 independent. Thus, subsets of memory-phenotype T cells differ
radically in their sensitivity to IL-15.
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Introduction
 
For typical naive T cells, the long lifespan of these cells re-
quires contact with self-peptides bound to MHC molecules
(1) plus exposure to a cytokine, IL-7 (2, 3). These findings
have focused attention on the factors controlling the sur-
vival of T cells with a memory (CD44
 
hi
 
) phenotype. The
latter cells increase progressively with age and are presumed
to represent memory cells primed to various environmental
antigens (4).
Whereas naive T cells remain in interphase for prolonged
periods, the turnover (background rate of proliferation) of
memory-phenotype cells is appreciable, division of these
cells being in the order of once every 1–3 wk (5–7). This
relatively high rate of turnover might reflect that memory-
phenotype T cells are engaged in chronic responses to envi-
ronmental antigens. However, adoptive transfer experi-
ments have shown that both the survival and turnover of
memory-phenotype T cells are MHC independent (6, 8).
The alternative possibility is that memory-phenotype T
cells are maintained through contact with cytokines. Here,
for memory-phenotype (CD44
 
hi
 
) CD8
 
 
 
 cells, indirect evi-
dence suggests that these cells may be controlled by IL-15,
an IL-2–like cytokine synthesized by a variety of cell types,
though not by T cells (9). The evidence is as follows.
First, the background turnover of CD44
 
hi
 
 CD8
 
 
 
 cells is
intensified after in vivo exposure to agents that stimulate
the innate immune system, for example LPS, poly I:C, and
CpG DNA (10–13). Such stimulation is much more pro-
nounced for CD44
 
hi
 
 CD8
 
 
 
 cells than for CD44
 
hi
 
 CD4
 
 
 
cells and is TCR independent, requires the release of IFNs,
either type I IFN (IFN-I) or IFN-
 
 
 
, and can be mimicked
by injection of IFNs (10, 14). Since IFNs failed to stimulate
purified CD44
 
hi
 
 CD8
 
 
 
 cells in vitro, we suggested previ-
ously that stimulation of these cells in vivo might be medi-
ated through IFN-induced production of an effector
cytokine, possibly IL-15 (15). Although circumstantial evi-
dence favors this possibility (see below), proof that IFN-
dependent “bystander” (TCR independent) proliferation
of CD44
 
hi
 
 CD8
 
 
 
 cells is mediated by IL-15 rather than by
other cytokines has yet to be obtained.
Other evidence that IL-15 influences CD44
 
hi
 
 CD8
 
 
 
cells comes from the finding that numbers of CD44
 
hi
 
CD8
 
 
 
 cells (but not CD44
 
hi
 
 CD4
 
 
 
 cells) are selectively re-
duced in IL-15
 
 
 
/
 
 
 
 (16) and IL-15R
 
 
 
 
 
/
 
  
 
(17) mice. These
findings are not definitive, however, because the reduction
of CD44
 
hi
 
 CD8
 
 
 
 cells in IL-15
 
–/–
 
 and IL-15R
 
 
 
 
 
/
 
  
 
mice is
only partial (50–70%); moreover, the data do not indicate
whether IL-15 is required for the initial generation of
CD44
 
hi
 
 CD8
 
 
 
 cells or for their survival. Direct evidence
that IL-15 affects CD44
 
hi
 
 CD8
 
 
 
 cells has come from the
finding that the background turnover of these cells can be
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 Cells
 
inhibited by injection of a mAb specific for CD122 (IL-
2R
 
 
 
), an important component of the receptor for IL-15
and IL-2 (7, 18); by contrast, turnover of CD44
 
hi
 
 CD8
 
 
 
cells is enhanced by IL-2 mAb, implying a positive role for
IL-15 and an inhibitory role for IL-2. However, it is no-
table that inhibition of CD8
 
 
 
 cell turnover by CD122
mAb is incomplete, i.e., 
 
 
 
50% (tested in 1-y-old mice)
(18), which suggests that stimulation may not be restricted
to IL-15.
In this paper, we sought definitive information on the
role of IL-15 on T cells with the aid of IL-15
 
 
 
/
 
  
 
mice. Ev-
idence is presented that, for CD44
 
hi
 
 CD8
 
 
 
 cells, IFN-induced
bystander proliferation, normal turnover, and survival on
adoptive transfer are all highly dependent on IL-15; by
contrast, IL-15 has no obvious effect on CD44
 
hi
 
 CD4
 
 
 
cells. For CD44
 
hi
 
 CD8
 
 
 
 cells, the influence of IL-15 is
largely restricted to CD122
 
hi
 
 cells and is most prominent
for the Ly49
 
 
 
 subset of CD122
 
hi
 
 cells, i.e., for T cells ex-
pressing a prominent natural killer (NK)
 
*
 
 cell marker (19).
In contrast to CD122
 
hi
 
 cells, the subset of CD122
 
lo
 
 CD44
 
hi
 
CD8
 
 
 
 cells is largely IL-15 independent. Significantly,
these cells, which are Ly49
 
 
 
, account for nearly all of the
residual CD44
 
hi
 
 CD8
 
 
 
 cells found in IL-15
 
 
 
/
 
 
 
 mice.
 
Materials and Methods
 
Mice.
 
C57BL/6J (B6), Thy1.1 (B6.PL), Ly5.1 (B6.SJL),
CD122-deficient (CD122
 
 
 
/
 
 
 
), and IL-2–deficient (IL-2
 
 
 
/
 
 
 
)
mice on a B6 background were purchased from The Jackson
Laboratory. IL-15–deficient (IL-15
 
 
 
/
 
 
 
) mice generated on a B6
background were provided by Mary Kennedy, Immunex Corp.,
Seattle, WA (16) and maintained by homozygous 
 
  
 
heterozy-
gous breeding. Heterozygous (IL-15
 
 
 
) littermates or B6 mice
were used as controls. No apparent differences have been re-
ported between IL-15 heterozygotes and wild-type B6 mice (16).
All mice were housed under specific pathogen-free conditions at
The Scripps Research Institute and were used between 6–20 wk
of age.
 
Isolation of T Cells.
 
CD8
 
 
 
 T cells used for adoptive transfer
or in vitro experiments were purified from LN cells by MACS
 
®
 
.
In brief, LN cells were resuspended in PBS supplemented with
0.5% BSA and 2 mM EDTA and incubated with CD8
 
 
 
 mAb-
coated magnetic beads according to the manufacturer’s protocol.
Cells were then washed and separated by passing the cells
through a charged MACS
 
®
 
 column. CD8
 
 
 
 cells eluted from the
column were typically 94–96% pure. Alternatively, CD8
 
 
 
 or
CD4
 
 
 
 cells were purified by negative depletion of LN cells using
MHC class II mAb plus either CD4 or CD8
 
 
 
 mAb-coated mag-
netic beads, respectively. Similar purities were obtained by this
method. For in vitro experiments, CD8
 
 
 
 T cells were fraction-
ated further into CD44
 
hi
 
 CD122
 
hi
 
, CD44
 
hi
 
 CD122
 
lo
 
, or CD44
 
lo
 
CD122
 
lo
 
 subsets by FACS
 
®
 
 sorting. Typical purities of sorted
populations were 
 
 
 
98%.
 
CFSE Labeling.
 
Purified CD8
 
 
 
 T cells were suspended in
PBS containing 0.1% BSA at a concentration of 2 
 
 
 
 10
 
7
 
 cells
per milliliter. CFSE (Molecular Probes) was added at a final
concentration of 5 
 
 
 
M and the cells incubated for 10 min at
37
 
 
 
C. Labeled cells were washed twice then resuspended in
 
PBS at 4 
 
 
 
 10
 
7
 
 cells per milliliter before intravenous transfer
into recipient mice.
 
Mixed Bone Marrow Radiation Chimeras.
 
Bone marrow (BM)
cells were obtained from 4–6-wk-old CD122
 
 
 
/
 
  
 
mice and T
cells were depleted by treatment with anti-Thy 1.2 mAb fol-
lowed by complement mediated lysis. 6–10-wk-old B6 Thy 1.1
mice were irradiated at 600 cGy before being injected intrave-
nously with 5 
 
 
 
 10
 
6
 
 T cell–depleted BM cells. Mice were then
left for 5 mo before being used in experiments.
 
Bystander Proliferation Measured by BrdU Incorporation.
 
Mice
were injected intraperitoneally with graded doses of LPS (from 
 
E.
coli serotype 055:B5) or 50  g Poly I:C (Sigma-Aldrich) in PBS.
To assess BrdU incorporation, mice were coinjected with 2 mg
BrdU in PBS at the time of immunization and placed on BrdU
drinking water (0.8 mg/ml) for 3 d as described previously (5).
Spleen and LN cells were harvested 3 d after injection of LPS or
poly I:C, then stained for surface markers and for BrdU incorpo-
ration (see below). Mice that were treated with anti-CD122 mAb
(TM- 1; provided by M. Miyasaka and M. Tanaka, Osaka Uni-
versity, Osaka, Japan) received 0.5 mg anti-CD122 mAb intrave-
nously at the time of poly I:C injection and then 0.5 mg daily
for 2 d.
Adoptive Transfer of T Cells. 107 purified Ly5.1 or Thy1.1 T
cells were transferred into nonirradiated IL-15  or IL-15 /  hosts
by intravenous injection. For purified CD44hi T cells, FACS®-
sorted CD4  and CD8  cells were mixed at a 1:1 ratio before
transferring 6   106 cells intravenously. To examine bystander
proliferation on adoptive transfer, mice were injected with nor-
mal or CFSE-labeled T cells, rested for 24 h after cell transfer,
then challenged with either LPS or poly I:C; proliferation was
measured at 3 d after injection (using BrdU incorporation for re-
cipients of normal T cells). For experiments on T cell survival,
spleen and LN were taken from cohorts of mice at days 3, 8, and
14 after transfer and the phenotype of donor T cells analyzed by
flow cytometry. Analysis of purified CD44hi donor T cells was
performed 20 d after transfer.
In Vitro Response of CD8  T Cells to IL-15. FACS®-sorted
subsets of CD8  T cells were cultured with 0–100 ng/ml murine
rIL-15 (eBioscience) in RPMI 1640 supplemented with 10%
FCS, glutamine, 2-ME, and antibiotics. 200  l of cells were
plated at a concentration of 1.5   105 cells per well in 96-well,
flat-bottomed plates. Proliferation was assessed after 3 d by mea-
suring the uptake of 3[H]thymidine (1  Ci/ml) during a 6-h
pulse. All cultures were performed in triplicate. To assess the ef-
fect of IL-15 on CD8  T cell survival, purified CD8  T cells
were cultured alone or with 4 ng/ml rIL-15 at 4   105 cells per
well in 500  l in 48-well plates. Cell viability was assessed at the
indicated times by staining with Annexin V-FITC and propid-
ium iodide together with CD8 -APC and CD44-PE (BD
PharMingen) mAbs. Viable CD8  CD44hi cells were also stained
for CD122 expression.
Flow Cytometry. Using standard protocols, cells were stained
for FACS® analysis in PBS containing 1% FCS, 5% rat serum, and
0.09% sodium azide with the following mAbs: FITC-conjugated
anti-CD44 (IM7); phycoerythrin-conjugated anti-CD122 (TM-
 1); anti-Thy1.1 (OX-7); anti-Ly5.1 (A20); cychrome™-conju-
gated anti-CD44; and allophycocyanin-conjugated anti-CD8 
(53–6.7) (all from BD PharMingen). Purified CD8  mAb was
also conjugated to Cy™5 (Amersham Pharmacia Biotech) ac-
cording to the manufacturer’s instructions for use in conjunction
with the BrdU staining protocol. After staining for surface mark-
ers, staining of permeabilized cells for BrdU with FITC-conju-
gated BrdU mAb (Becton Dickinson) was performed as described *Abbreviations used in this paper: BM, bone marrow; NK, natural killer.937 Judge et al.
previously (5). Cells were analyzed by a FACSCaliber™ flow cy-
tometer (Becton Dickinson) and CELLQuest™ software.
Analysis of Ly49 expression on CD8  cells was performed us-
ing a panel of mAb (BD PharMingen) to detect the family mem-
bers Ly49A (A1), C/I (5E6), F (HBF-719), and G2 (4D11).
These represent 5 of the 7 inhibitory Ly49 molecules character-
ized thus far in B6 mice and have previously been shown to be
expressed by CD8  T cells (20). Each mAb was tested individu-
ally and in combination with each other; patterns and levels of
expression were similar to those reported previously (20). To de-
termine total expression levels of Ly49, spleen, and LN cells were
stained with a cocktail of the four biotinylated mAbs, in conjunc-
tion with other surface markers, followed by streptavidin-APC
(BD PharMingen).
In Vivo Responses to Peptides. Purified LN CD8  cells from
2C TCR transgenic mice ( 95% CD122lo, CD44lo) were trans-
ferred intravenously in a dose of 5   106 cells to normal B6
mice (21). After 1 d, the host mice received an intraperitoneal
injection of 50  g SIYR peptide plus 50  g poly I:C in PBS.
Cells were removed from host LN on day 2 after peptide injec-
tion and typed for CD44 and CD122 expression; donor CD8 
cells were detected with 1B2 anti-clonotypic antibody. Prolifer-
ation of the donor cells was measured by labeling the cells with
CFSE before injection.
Results
Bystander Proliferation of CD44hi CD8  Cells. Our prior
suggestion that IFN-induced bystander proliferation in
vivo might be mediated by IL-15 stemmed from three ob-
servations. First, IFNs and IFN-inducing agents elicit
strong production of IL-15 mRNA by macrophages (15,
22) and dendritic cells (23) in vitro. Second, CD122 is ex-
pressed at a much higher level on CD44hi CD8  cells (the
main targets for bystander proliferation) than on other T
cells, including CD44hi CD4  cells (15, 18). Third, unlike
IFNs, IL-15 is directly stimulatory for CD44hi CD8  cells,
both in vivo and in vitro (15, 24). It is also notable that
numbers of CD44hi CD8  cells are selectively increased in
IL-15 transgenic mice (25, 26). Despite these findings, it
has yet to be shown that bystander proliferation is mediated
by IL-15 per se rather than by other cytokines.
To seek direct evidence on the role of IL-15, bystander
proliferation was examined by adoptively transferring wild-
type C57BL/6 (B6) T cells to IL-15 /  (16) versus IL-15 
hosts. For these experiments, purified allotype-marked
(Ly5.1  B6) T cells were transferred to IL-15 /  versus IL-
15  hosts (both on a B6 Ly5.2  background). After 1 d,
the host mice were injected with poly I:C and given water
containing BrdU, a DNA precursor, for 3 d. The key find-
ing was that, as measured by BrdU incorporation, by-
stander proliferation by the adoptively transferred T cells
was high in normal IL-15  hosts but almost undetectable in
IL-15 /  hosts (Fig. 1 a). Thus, in IL-15 /  hosts, BrdU
incorporation after poly I:C injection was only marginally
higher than in PBS-injected control mice. Similarly, poly
I:C–induced proliferation of CFSE-labeled wild-type T
cells (manifested as a step-wise loss of CFSE) was prominent
in IL-15  hosts but minimal in IL-15 /  hosts (Fig. 1 b).
For BrdU incorporation, comparable results after adoptive
transfer applied to bystander proliferation induced by LPS
(Fig. 1 c). These data refer to CD44hi CD8  cells trans-
ferred from normal B6 mice. For the residual host CD44hi
CD8  cells in IL-15 /   mice (see below), these cells
showed a higher than normal turnover relative to IL-15 
B6 mice (Fig. 1 d); this high turnover was only marginally
enhanced after LPS injection (Fig. 1 d).
In addition to showing a paucity of CD44hi CD8  cells,
IL-15 /  mice lack NK cells (16). Hence the poor by-
stander proliferation of T cells transferred to IL-15 / 
hosts might reflect a defect in the innate immune system
rather than simply an absence of IL-15. The following two
observations are against this possibility. First, bystander
proliferation induced by poly I:C in normal B6 mice was
substantially inhibited by coinjection of anti-CD122 mAb
(Fig. 1 e). Second, CD8  cells from CD122 /  mice were
resistant to poly I:C–induced bystander proliferation (Fig.
1 f). Because CD122 /  mice display lymphadenopathy
(27), bystander proliferation was tested in sublethally irra-
diated (600 cGy) B6.Thy 1.1 mice reconstituted with T
cell–depleted BM cells taken from CD122 /  mice on a
B6 (Thy 1.2) background; these chimeric mice did not
show lymphadenopathy and their CD8  T cells comprised
a 1:1 ratio of donor CD122 /  (Thy 1.2) and normal host
(Thy 1.1) cells. Significantly, bystander proliferation of
CD44hi CD8  cells elicited by injecting the chimeras with
poly I:C applied only to host T cells and not to the donor
CD122 /  T cells.
Collectively, the above data indicate that bystander pro-
liferation of CD44hi CD8  cells is crucially dependent on
IL-15 and requires CD122 expression on the responding
cells.
Bystander Proliferation of Subsets of CD44hi CD8  Cells.
As mentioned above, CD44hi CD8  cells express much
higher levels of CD122 (an important component of the
IL-15 receptor) than CD44hi CD4  cells (15, 18). How-
ever, CD122 expression on CD44hi CD8  cells is hetero-
geneous,   60% of these cells being CD122hi in young
mice and the remainder being CD122lo (Fig. 2, a and b).
Confirming the results of others (20), a subset (20–30%) of
CD122hi CD8  cells resembles NK cells in expressing high
levels of the Ly49 marker (Fig. 2 c, see Figure legend for
detecting Ly49 expression). Virtually all Ly49  CD8  cells
are CD122hi CD44hi (Fig. 2 d).
As mentioned earlier, IL-15 /  and IL-15R  /  mice
contain appreciable (30% of normal) numbers of CD44hi
CD8  cells. This finding might indicate that CD44hi
CD8  cells are only partially dependent on IL-15. Alter-
natively, the CD44hi CD8  cells found in these knockout
mice might represent a separate subset of IL-15–indepen-
dent cells. To assess this possibility, we typed IL-15 / 
CD8  cells for CD122 and Ly49 expression. Significantly,
for spleen, LN, and blood, the vast majority of the residual
CD44hi CD8  cells found in IL-15 /  mice proved to be
CD122lo (Fig. 2, a and e) and virtually all of these cells
were Ly49  (Fig. 2 f). Hence, taking into consideration938 IL-15 Dependency of a Subset of Memory-Phenotype CD8  Cells
total cell numbers (unpublished data), the reduction of
CD8  cells in IL-15 /  mice is only moderate for total
CD44hi cells (50–70%) but marked for CD122hi cells
(90%) and near complete for Ly49  cells (99%), implying a
step-wise increase in the dependency of these subsets on
IL-15. For Ly49  cells, it is notable that, as in IL-15 / 
mice, these cells were totally absent in CD122 /  mice
(Fig. 2 g) but present in IL-2 /  mice (Fig. 2 h), thus con-
firming the extreme dependency of Ly49  cells on IL-15
(but not IL-2). In contrast to CD122hi Ly49  CD8  cells,
the presence of near-normal numbers of CD44hi CD122lo
Ly49  cells in IL-15 /  mice (and the above-normal num-
bers of these cells in CD122 /  mice, which are prone to
lymphadenopathy; see above) indicates that this subset of
cells is IL-15 independent.
In view of the above findings, we investigated the rela-
tive sensitivity of CD44hi CD8  cell subsets to IFN-
induced bystander proliferation. In initial experiments we
compared the sensitivity of CD44hi CD122hi and CD44hi
CD122lo cells by injecting normal B6 mice with graded
doses of LPS. Typing BrdU-labeled CD44hi CD8  cells for
CD122 expression showed that bystander proliferation af-
fected both CD122lo and CD122hi cells (Fig. 3 a). How-
ever, taking into consideration the much higher back-
ground turnover of CD122lo than CD122hi cells in
uninjected control mice (Fig. 3 a), CD122lo cells were
clearly much less sensitive to bystander proliferation than
CD122hi cells. These data refer to BrdU incorporation.
Similar findings applied when allotype-marked T cells were
labeled with CFSE and subjected to bystander stimulation
on adoptive transfer to normal B6 hosts. Thus, with poly
I:C as the stimulus, proliferation of donor CD44hi CD8 
cells was appreciably more marked for CD122hi than
CD122lo cells (Fig. 3 b).
To examine the response of Ly49  versus Ly49  subsets
of CD44hi CD8  cells, purified CFSE-labeled allotype-
Figure 1. Bystander proliferation is IL-15 dependent. (a
and b) Purified LN T cells from Ly5.1 B6 mice were trans-
ferred to normal B6 (IL-15 ) mice and IL-15 /  litter-
mates (both Ly5.2). Hosts were then given 50  g poly I:C
intraperitoneally and proliferation was measured on day 3
by (a) BrdU incorporation after administration of BrdU
given in the drinking water from day 0 or (b) dilution of
CFSE by CFSE-labeled T cells; control mice received in-
jections of saline (PBS). The data show proliferation mea-
sured on CD44hi (a and b) and CD44lo (a) subsets of gated
donor (Ly5.1) CD8  cells recovered from host LN. For
CFSE labeling (b), values refer to the percentage of cells
that had divided one or more times. Mean of data (  SD,
four mice per group) (a) or representative data (b) are
shown. Similar findings applied to cells recovered from host
spleen (not shown). (c and d), as in (a) except that mice
were injected with LPS, given in two different doses. The
data show mean (  SD) BrdU incorporation for four mice
per group for (c) donor (Ly5.1 ) CD44hi CD8  cells and
(d) host (Ly5.1 ) CD44hi CD8  cells. (e) Capacity of anti-
CD122 mAb to inhibit proliferation induced by poly I:C.
Normal B6 mice were injected with PBS, poly I:C, or a
mixture of poly I:C and anti-CD122 mAb and placed on
BrdU water for 3 d. The data show BrdU incorporation by
gated CD44hi and CD44lo CD8  subsets from LN pooled
from three mice per group; similar results were found in an-
other experiment. (f) Poly I:C–induced proliferation of T
cells in CD122 /  → CD122  chimeras. Irradiated (600
cGy) Thy 1.1 B6 mice were injected with T cell–depleted
BM cells from CD122 /  mice on a B6 (Thy 1.2) back-
ground. After 5 mo, the chimeras were injected with poly
I:C, placed on BrdU water for 3 d and stained. The data
show BrdU incorporation (  SD) by gated donor
CD122 /   (Thy 1.2) versus host CD122  (Thy 1.1)
CD44hi and CD44lo CD8  cells from LN from three mice
per group. Similar results were found in another experiment.939 Judge et al.
marked B6 T cells were transferred to IL-15  versus IL-
15 /  hosts; the host mice were injected with poly I:C after
1 d and cell division was measured 3 d later. Confirming the
above results (Fig. 3 b), poly I:C–induced bystander prolif-
eration of donor CD44hi CD8  cells in IL-15  hosts was
minimal for CD122lo cells but prominent for CD122hi cells
(Fig. 3 c). The surprising finding, however, was that, for
CD122hi cells, bystander proliferation was substantially
higher for Ly49  cells than for Ly49  cells (Fig. 3 c). For
both of these subsets, bystander proliferation was very low in
IL-15 /  hosts (relative to background proliferation, mea-
sured in IL-15  hosts), thus confirming the data in Fig. 1.
Figure 2. A subset of CD44hi CD8  T cells is IL-15 dependent. (a) Histograms show expression of CD44 on gated CD8  cells and CD122 on gated
CD8  and CD44hi CD8  cells from LN of wild-type B6 versus IL-15 /  mice. (b–h) The data show CD122 or Ly49 versus CD44 expression on gated
CD8  LN T cells from wild-type B6 mice (b–d), IL-15 /  mice (e and f), CD122 /  mice (g), and IL-2 /  mice (h). The data are representative of
 4 mice (aged 2–3 mo)/group and also applied to CD8  spleen and peripheral blood cells (not shown). In d, data refer to gated Ly49  CD8  T cells. In
all groups, Ly49 was detected using a panel of anti-Ly49A, C/I, F, and G2 mAbs that have previously been shown to be the most abundantly expressed
Ly49 family members on CD8  T cells in B6 mice (reference 20).
Figure 3. Bystander proliferation of CD44hi CD8  cells is largely restricted to CD122hi subsets and most prominent for Ly49  CD122hi cells. (a) By-
stander proliferation was measured in vivo by injecting mice with graded doses of LPS, placing mice on BrdU water for 3 d followed by FACS® analysis
of LN and spleen cells. Injections of PBS were used as a control. The data show BrdU incorporation by CD122hi CD44hi CD8  cells versus CD122lo
CD44hi CD8  cells from LN; mean values (  SD) of three mice per group. In further experiments, proliferation was measured by transferring CFSE-
labeled Ly5.1 B6 T cells into (b) syngenic B6 and (c) B6 versus IL-15 /  mice (both Ly5.2), injecting the hosts with 50  g poly I:C, then using FACS®
analysis to study division (loss of CFSE) by the donor cells 3 d later. In b, the data show CFSE labeling of donor-derived (Ly5.1 ) CD122hi CD44hi
CD8  versus CD122lo CD44hi CD8  subsets recovered from spleen. Cells from LN showed a similar response. The data are representative of four mice
tested individually. In c, the data show the percentage of donor T cell subsets that underwent one or more rounds of division (the percentage of cell di-
vision) after poly I:C injection. Data are shown for CD44hi CD8  spleen cells gated on CD122lo, total CD122hi, CD122hi Ly49 , and CD122hi Ly49 
subsets after transfer to IL-15  (black bars) or IL-15 /  mice (striped bars); cells transferred to PBS-injected IL-15  mice (white bars) were used as con-
trols. The data show mean values (  SD) for four mice per group.940 IL-15 Dependency of a Subset of Memory-Phenotype CD8  Cells
Based on these findings, the graded dependency of the
three CD44hi CD8  subsets on IL-15 (CD122hi Ly49   
CD122hi Ly49    CD122lo Ly49 ) discussed earlier for
their development and/or survival (Fig. 2) directly corre-
lated with the sensitivity of these cells to IL-15–induced
bystander proliferation.
Responsiveness to IL-15 In Vitro. Correlating with their
sensitivity to bystander proliferation in vivo, CD122hi
CD44hi cells were much more sensitive than CD122lo
CD44hi cells to proliferation elicited by IL-15 in vitro
(Fig. 4 a). Thus, when FACS®-sorted subsets of CD8 
cells were cultured with graded concentrations of IL-15,
proliferation (3[H]thymidine incorporation) was high
for CD122hi CD44hi cells, low though significant for
CD122lo CD44hi CD8  cells and undetectable for naive
CD122lo CD44lo cells. Likewise, when cultured with lim-
iting concentrations of IL-15 (30 ng/ml), division of
CFSE-labeled CD44hi CD8  cells was more prominent
for CD122hi Ly49  cells than for CD122hi Ly49  cells
(Fig. 4 b); with high concentrations of IL-15 ( 100 ng/
ml),  90% of the cells in both populations entered cell
division (unpublished data).
These data on responsiveness to IL-15 in vitro thus
closely mirror the above findings on bystander prolifera-
tion.
IL-15 and T Cell Survival. The virtual absence of the
CD122hi subset of CD44hi CD8  cells in IL-15 /  mice
may reflect that CD122hi cells require contact with IL-15
for their survival. Alternatively, IL-15 could be required
only for the initial generation of CD122hi cells. To assess
this second possibility, purified naive (CD122lo) 2C TCR
transgenic CD8  cells on a B6 (Kb) background were trans-
ferred to normal B6 versus IL-15 /  mice plus Kb-restricted
SIYR peptide and poly I:C as a source of adjuvant (21).
Examining cells recovered from host LN 2 d later showed
that nearly all of the donor 2C CD8  cells had differenti-
ated into CD122hi CD44hi cells, both in B6 and IL-15 / 
hosts (Fig. 4 c and unpublished data); the density of CD122
expression on the donor cells on day 2 was as high as on
the subset of host CD122hi CD8  cells found in the normal
B6 (but not the IL-15 / ) hosts (Fig. 4 c). Parallel experi-
ments in which the donor cells were labeled with CFSE
showed that division of the donor 2C CD8  cells was as
high in IL-15 /  hosts as in normal B6 hosts (Fig. 4 d).
Based on these and other findings, there was thus no evi-
dence that IL-15 was required for the initial generation of
CD122hi CD8  cells.
To assess whether IL-15 is required after the transition of
CD122lo to CD122hi cells, we first tested whether IL-15
could promote survival of CD122hi cells in vitro. Purified
Figure 4. Sensitivity of CD44hi CD8  subsets to
IL-15 in vitro and role of IL-15 on CD122 upregula-
tion in vivo. (a) CD122hi CD44hi, CD122lo CD44hi
and naive CD122lo CD44lo CD8  cells from B6 mice
were purified by FACS® sorting and cultured in vitro
with increasing doses of IL-15. Proliferation was assessed
after 3 d by the incorporation of 3[H]thymidine (mean
cpm   SD of triplicate cultures). (b) CFSE-labeled,
purified CD8  cells were cultured with either 10 ng/
ml (top panels) or 30 ng/ml (bottom panels) of IL-15
for 3 d. The data show division measured on gated
Ly49  CD122hi (left panels) and Ly49  CD122hi cells
(right panels). Values indicate the percentage of gated
cells undergoing one or more divisions. Data are repre-
sentative of duplicate cultures in three separate experi-
ments. (c) CD122 upregulation by naive CD8  cells
exposed to antigen in IL-15 /  mice. Purified naive
LN CD8  cells from 2C TCR transgenic mice were
transferred intravenously (5   106 cells per mouse) to
normal B6 versus IL-15 /  mice. 1 d later the host
mice received SIYR peptide (50  g) and poly I:C (50
 g) as a source of adjuvant. The data show CD122 ex-
pression on gated donor (1B2 ) versus host (1B2 )
CD8  cells measured on day 2 after peptide injection;
the data are representative of three mice per group, (d)
as for c, except that the donor 2C cells were CFSE la-
beled before injection.941 Judge et al.
CD8  cells from normal B6 mice were cultured in vitro
with IL-15 at 4 ng/ml, i.e., at a concentration below the
limit required to induce proliferation (Fig. 4 a). For control
cells cultured in the absence of IL-15, CD44hi CD8  cells
rapidly downregulated CD122 expression and died via
apoptosis (Fig. 5 a). Significantly, addition of a submitoge-
nic concentration of IL-15 caused the cells to survive well
for 3 d and retain their CD122hi phenotype (Fig. 5 a).
The above findings predicted that transferring normal T
cells to IL-15 /  hosts would cause selective disappearance
of CD44hi CD8  cells and would be most pronounced for
CD122hi cells. This was indeed the case. Thus, after transfer
of purified T cells (depleted of APC and B cells) to IL-15 
versus IL-15 /  hosts, the CD44hi CD8  component of the
donor T cells survived well in IL-15  hosts but disappeared
in IL-15 /  hosts (Fig. 5 b). By 2 wk after transfer, donor
CD44hi CD8  cells were rare in IL-15 /  hosts and most
of the surviving CD44hi CD8  cells were CD122lo and
thus closely resembled the residual host CD44hi CD8  cells
(Fig. 5 c, compare with Fig. 2 a). By contrast, donor
CD122hi CD8  cells survived well in IL-15  hosts. There
was no reduction of donor CD44hi CD4  cells in IL-15 / 
hosts (Fig. 5, b and d), indicating that the disappearance of
CD44hi cells was restricted to CD8  cells. This finding was
expected because, in contrast to CD44hi CD8  cells,
CD44hi CD4  cells are all CD122lo (15) and IL-15 /  mice
show no reduction in numbers of CD44hi CD4  cells (16).
One concern in the above experiment was that the dis-
appearance of CD44hi CD8  cells in IL-15 /  hosts did not
reflect death of these cells but reversion to naive-pheno-
type CD44lo cells. To exclude this possibility, FACS®-puri-
fied CD44hi cells, comprising a  1:1 mixture of CD8  and
CD4  cells, were transferred to IL-15  versus IL-15 / 
hosts and examined on day 20 after transfer. When trans-
ferred to IL-15  hosts the donor cells survived and showed
little or no change in the ratio of CD4 /CD8  cells (Fig.
Figure 5. Antiapoptotic function of IL-15
in vitro and in vivo. (a) The capacity of sub-
mitogenic concentrations of IL-15 to main-
tain survival of CD122hi CD8  cells in vitro
was assessed by culturing purified CD8  LN
cells from B6 mice for up to 3 d in the pres-
ence (open histograms) or absence (closed
histograms) of a low concentration of IL-15
(4 ng/ml); at this concentration (see Fig. 4
a), IL-15 did not cause cell enlargement or
proliferation. Cells were harvested at daily
intervals and stained for CD122 expression
and for Annexin V-binding and propidium
iodide (PI) to measure viability. CD122 ex-
pression on viable CD44hi cells (top) and
the percentage of viable CD44hi cells from
pooled triplicate cultures (bottom) are
shown. (b–d) Selective disappearance of
CD122hi CD44hi CD8  cells after transfer
to IL-15 /  hosts. Purified T cells from
Thy 1.1 B6 mice were transferred to normal
IL-15  littermates or IL-15–/– mice (both
Thy 1.2). At the time periods shown, spleen
and LN were removed from the recipients
and stained for surface markers. The data
show the surface markers on donor (Thy
1.1) cells recovered at various times after
transfer. (b) The percentage of donor CD8 
and CD4  cells that were CD44hi or
CD122hi (mean data of three mice per
group   SD). (c) Expression of CD122 on
donor CD44hi CD8  cells recovered 3 d
(open histograms) and 14 d (closed histo-
grams) after transfer. (d) CD44 expression
on CD8  and CD4  donor cells 14 d after
transfer (percentage of CD44hi cells indicated).
The data are representative of three mice per
time point and two separate experiments.942 IL-15 Dependency of a Subset of Memory-Phenotype CD8  Cells
6, a and c). In IL-15 /  hosts, by contrast, the donor cells
showed a marked depletion of CD8  cells, thus leading to
a high CD4 /CD8  ratio; counting total cells (unpub-
lished data) indicated that the increase in the CD4 /CD8 
ratio in IL-15 /  hosts did not reflect selective expansion of
CD4  cells. Significantly, as in IL-15  hosts, the donor
CD8  cells recovered from IL-15 /  hosts retained their
CD44hi phenotype, i.e., the phenotype of the injected cells
(Fig. 6 b). In addition, in contrast to IL-15  hosts, nearly all
of the few donor CD44hi CD8  cells recovered from IL-
15 /  hosts were CD122lo (Fig. 6 b).
These findings thus confirm the data in Fig. 5 and show
that the disappearance of CD44hi CD8  cells in IL-15 / 
hosts is selective for CD122hi CD8  cells, does not apply to
CD44hi CD4  cells and cannot be attributed to reversion
to CD44lo cells.
IL-15 and Normal T Cell Turnover. The above data in-
dicate that, as for responsiveness to IFN-dependent by-
stander proliferation, the survival of CD122hi CD44hi
CD8  cells is heavily dependent on IL-15; by contrast,
CD122lo CD44hi CD8  cells are largely IL-15 indepen-
dent. These findings raise the question whether IL-15 also
plays a key role in maintaining the normal background
turnover of CD44hi CD8  cells. As mentioned earlier, this
possibility is supported by the finding that turnover of
CD8  cells in normal mice can be blocked by injection of
CD122 mAb (7, 18). However, the inhibition is only par-
tial, i.e.,  50%. Based on the data reported here, this par-
tial effect of CD122 mAb could reflect that some prolifer-
ating CD44hi CD8  cells, namely CD122lo cells, are IL-15
independent. As pointed out above, the normal turnover of
these cells is actually higher than for typical CD122hi cells
(Fig. 3 a). Likewise, this high turnover of CD122lo cells ap-
plies to the residual CD44hi CD8  cells found in IL-15 / 
mice (Fig. 1 d) and also to the large numbers of these cells
present in lymphadenopathy-prone CD122 /  mice (un-
published data). Here, the stimulus for proliferation is
clearly not IL-15.
To assess the role of IL-15 in controlling the normal
turnover of CD44hi CD8  cell subsets, we measured divi-
sion of CFSE-labeled CD8  cells transferred to IL-15 
versus IL-15 /  hosts; here, in contrast to the experiments
on IFN-dependent bystander proliferation discussed above,
the hosts were not injected with IFN-inducing agents.
When examined at day 14 after transfer, division of donor
CD122lo CD44hi CD8  cells was high in both IL-15  and
IL-15 /  hosts (Fig. 6 d, top panel), thus confirming that
proliferation of this subset is IL-15 independent. Likewise,
proliferation of CD44hi CD4  cells was high in both hosts
(unpublished data). For CD122hi CD8  cells, by contrast,
division of these cells was substantially lower in IL-15 / 
than IL-15  hosts. This reduction in turnover was even
Figure 6. Disappearance of purified CD44hi T cells in
IL-15 /  hosts is selective for CD122hi CD8  cells, most
prominent for the Ly49  subset of these cells and parallels a
decrease in the rate of cell division. (a–c) FACS® sorted
CD44hi T cells comprising a 1:1 ratio of CD4  and CD8 
T cells from Ly5.1 B6 mice were adoptively transferred
into either IL-15  or IL-15 /  hosts. 20 d later the phe-
notype of donor cells recovered from spleen and LN was
assessed. In a and b, the data show the percentage of donor
(Ly5.1 ) cells recovered from host LN that were CD8  (a)
and the proportion of these cells that were CD122hi and
CD44hi (b). Phenotypes of cells recovered from the spleen
were similar. In c, the ratio of donor CD4  to CD8  cells
recovered from the host spleen and LN of two mice per
group are shown. Data in a–c refer to one of two separate
experiments. In d, purified CFSE-labeled T cells from
Thy1.1 B6 mice were transferred to IL-15  versus IL-15 / 
hosts and examined on day 14. The data (top panel) show
mean percentage of cell division (  SD) (see Fig. 3 legend)
of donor-derived CD44hi CD8  cells gated on CD122lo,
CD122hi Ly49 , and CD122hi Ly49  subsets. The percent-
age of recovery of these subsets in IL-15 /  hosts relative
to IL-15  controls is shown in the bottom panel. Data are
from LN for three mice per group; similar results were
found in the spleen.943 Judge et al.
more pronounced for the Ly49  subset of CD122hi cells
(Fig. 6 d, top panel).
Thus, the data indicate that, as for bystander proliferation
and survival, the differential sensitivity of individual subsets
of CD44hi CD8  cells to IL-15 also applies to normal T
cell turnover. For Ly49  cells, it should be noted that the
more-marked decrease in proliferation of Ly49  CD122hi
cells (relative to Ly49  CD122hi cells) in IL-15 /  hosts
correlated with more extensive elimination of these cells
(Fig. 6 d, bottom panel). Hence, onset of death coincides
with a reduction in turnover.
Discussion
To date, the notion that the turnover/survival of CD44hi
CD8  cells in normal mice is controlled by IL-15 is based
on three lines of evidence: (1) the capacity of recombinant
human IL-15 injection to mimic the pattern of bystander
activation of CD44hi CD8  cells induced by IFNs (15); (2)
the ability of CD122 (but not IL-2) mAb to impair the
background turnover of CD44hi CD8  cells (7, 18); and (3)
the selective reduction of CD44hi CD8  cells in IL-15 / 
and IL-15R  /  mice (16, 17). In considering these stud-
ies, it is notable that the inhibition of CD44hi CD8  cell
turnover by CD122 mAb is moderate rather than marked.
Likewise, the reduction of CD44hi CD8  cells in IL-15 / 
and IL-15R  /  mice is only partial. At face value these
findings suggest that the influence of IL-15 on CD44hi
CD8  cells is significant but not essential. Alternatively, IL-
15 could be crucially important for some CD44hi CD8 
cells but largely irrelevant for others. In support of this sec-
ond possibility, we show here that a subset of CD44hi
CD8  cells is heavily dependent on IL-15, both for
their survival and turnover. Significantly, however, some
CD44hi CD8  cells are IL-15 independent.
In discussing the role of IL-15 on CD44hi CD8  cells, it
is important to consider the expression of IL-15 receptors.
According to the literature, the IL-15 receptor on T cells
has three components, IL-15R , IL-2R  (CD122), and
the  c chain (9). IL-15R  and CD122 control binding,
whereas CD122 and  c elicit signal transduction. Although
IL-15R  confers high binding affinity for IL-15, whether
this chain is essential for IL-15 binding by CD44hi CD8 
cells in mice, however, is unclear. IL-15R  is reported to
be expressed on a subset of dividing T cells (28, 29), but to
our knowledge there is no definitive evidence that IL-
15R  is expressed by normal resting CD44hi CD8  cells.
Hence, for resting CD44hi CD8  cells, IL-15 binding may
be controlled largely or solely by CD122. As shown previ-
ously,  c expression on CD44hi CD8  and CD44hi CD4 
cells is quite similar (15).
For CD44hi CD8  cells in normal mice, CD122 expres-
sion on these cells is heterogeneous,  60% of CD44hi
CD8  cells being CD122hi and the remainder being
CD122lo (15, 18). In support of CD122 being crucial for
IL-15 binding (see above), we show here that proliferative
responses by purified subsets of CD44hi CD8  cells to IL-
15 in vitro are much higher for CD122hi cells than for
CD122lo cells. Thus, in assessing the role of IL-15 on
CD44hi CD8  cells in vivo, it became essential to compare
CD122hi versus CD122lo cells separately.
By all parameters tested, the CD122hi subset of CD44hi
CD8  cells proved to be heavily dependent on IL-15.
Thus, for proliferation, IFN-induced bystander prolifera-
tion of CD122hi CD44hi CD8  cells after stimulation of the
innate immune system with poly I:C or LPS was strong in
normal hosts but very weak or undetectable in IL-15 / 
hosts. This finding provides direct proof for the previous
suggestion (15) that bystander proliferation is mediated by
IFN-dependent synthesis of IL-15. The data also support
the suggestion that the lack of poly I:C–induced bystander
proliferation in IL-15R  /  hosts reflects a failure of these
mice to synthesize IL-15 (24). Complementing the data on
bystander proliferation, the normal turnover of CD122hi
cells in unstimulated mice was heavily dependent on IL-15.
Thus, the background turnover of CD122hi cells was main-
tained in normal hosts but declined to low levels in IL-15 / 
hosts. Similar dependence on IL-15 applied to cell survival.
Thus, exposure to IL-15 maintained the survival of
CD122hi cells in vitro, and depriving these cells from con-
tact with IL-15, i.e., after transfer to IL-15 /  hosts, caused
CD122hi cells to disappear within 2–3 wk.
We caution that the data in this paper refer solely to nor-
mal memory-phenotype cells and not to memory cells spe-
cific for defined antigens. Since nearly all typical antigen-
specific memory CD8  cells are CD122hi (30, 31), one
would expect these cells, like memory-phenotype cells, to
be IL-15 dependent. For proliferation, this is indeed the
case. Thus, very recent studies on IL-15 /  mice and TCR
transgenic T cells showed that antigen-specific memory
CD8  cells were heavily dependent on IL-15 for back-
ground turnover (32–34). For survival, however, the data
are less clear. Thus, contrary to our findings on memory-
phenotype CD8  cells (this paper), antigen-specific mem-
ory CD8  cells were reported to survive for 1–2 mo in IL-
15 /  hosts, albeit in reduced numbers relative to IL-15 
hosts (32–34). By contrast, memory CD8  cells derived
from antigen-stimulated T cells in vitro failed to survive for
more than a few weeks in vivo unless the cells upregulated
CD122, suggesting an important role for IL-15 in survival
(35). In our own hands, preliminary experiments showed
that some antigen-specific memory CD8  cells (2C) seem
to survive well in IL-15 /  hosts, whereas others (OT-1)
do not (unpublished data). Clearly, further work will be
needed to resolve this issue.
For both proliferation and survival, IL-15 had minimal
effects on the CD122lo component of CD44hi CD8  cells.
Thus, in contrast to CD122hi cells, CD122lo CD44hi
CD8  cells responded poorly in terms of bystander stimu-
lation in vivo, which paralleled the poor response of these
cells to IL-15 in vitro. Likewise, CD122lo CD44hi CD8 
cells survived well and maintained a high rate of turnover
in IL-15 /  hosts. It is also notable that almost all of the
residual host CD44hi CD8  cells present in IL-15 /  mice
proved to be CD122lo cells. Whether CD122lo cells also
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mice has yet to be tested. If this were the case, it could ex-
plain the poor response of IL-15R /  CD44hi CD8  cells
to IL-15 (24).
The observation that CD44hi CD8  cells comprise two
discrete subsets of IL-15–dependent (CD122hi) and IL-15–
independent (CD122lo) cells could explain why treating
mice with blocking CD122 mAb caused only partial (50%)
inhibition of background CD8  cell turnover (18). Based
on the present findings, CD122 mAb-resistant proliferation
of CD44hi CD8  cells is probably mediated by the
CD122lo subset of CD44hi CD8  cells, i.e., by IL-15–inde-
pendent cells. As shown here, these cells have a high rate of
turnover in vivo.
For CD122hi cells, the sensitivity of these cells to IL-15
was especially high for the Ly49  subset of these cells.
Thus, both for IFN-induced bystander proliferation in vivo
and proliferation in response to IL-15 in vitro, the Ly49 
subset of CD122hi CD44hi CD8  cells gave higher re-
sponses than the Ly49  subset. Likewise, the decline in
background turnover and survival of CD122hi CD44hi
CD8  cells after transfer to IL-15–/– hosts was most pro-
nounced for Ly49  cells. Whether the heightened IL-15
sensitivity of Ly49  cells is controlled by Ly49 molecules
per se or reflects slightly higher levels of CD122 and/or  c
on these cells is unclear. It is of interest that the Ly49
marker is also expressed on NK cells (19) and that, like
Ly49  CD8  cells, NK cells are almost undetectable in IL-
15 /  mice (16). Currently, the significance of this correla-
tion is obscure. It is also intriguing that the survival/turn-
over of CD122hi CD8  cells is enhanced in transgenic mice
expressing a human NK receptor plus the MHC ligand for
the receptor (36). Based on the present data, this receptor/
ligand interaction may potentiate responsiveness to IL-15,
but the mechanisms involved have yet to be elucidated.
Since responsiveness to IL-15 requires high expression of
CD122, it is perhaps not surprising that the residual CD44hi
CD8  cells in IL-15 /  mice were found to be almost de-
void of CD122hi cells and also Ly49  cells; likewise, Ly49 
cells were undetectable in CD122 /  mice, though present
in IL-2 /  mice. These data are clearly consistent with the
view that CD122hi (and Ly49 ) cells require contact with
IL-15 for their survival. However, IL-15 might be equally
important for the initial formation of these cells. Against
this possibility, we have found that upregulation of CD122
expression on naive CD8  cells responding to specific anti-
gen does not require the presence of IL-15, either in vivo
(this paper) or in vitro (unpublished data); likewise, others
have reported that primary proliferative responses of CD8 
cells are largely IL-15 independent (32–34). Hence, al-
though IL-15 can have a qualitative influence on the pri-
mary response (37, 38), the main role of IL-15 is probably
to act on preformed memory cells. The role of IL-15 on
Ly49  cells is less clear. Thus, to date, we have been unable
to induce Ly49 expression on CD8  cells responding to
antigen plus cytokines, either in vitro or in vivo (unpub-
lished data). Likewise, we have found that injecting IL-15
into IL-15 /  mice leads to rapid appearance of Ly49  NK
cells but not Ly49  CD8  cells. Hence, whether IL-15 is
required for the initial formation of Ly49  CD8  cells is
unresolved. Nevertheless, it is clear from the present data
that, once formed, Ly49  CD8  cells are heavily depen-
dent on IL-15.
Under steady-state conditions in unstimulated animals,
the role of IL-15 in controlling the survival and intermit-
tent division of CD122hi CD44hi CD8  cells presumably
reflects low-level constitutive release of IL-15 by various
stromal cells. As mentioned previously, levels of IL-15 (IL-
15 mRNA by macrophages and dendritic cells) increase
considerably when mice are injected with IFNs or other
stimulators of the innate immune system (15, 22, 23). We
envisage that this transient elevation in IL-15 accentuates
division of IL-15–responsive CD122hi cells, thus causing
bystander proliferation. The assumption here is that the
mechanisms controlling bystander proliferation and normal
turnover are essentially the same, the only difference being
that bystander proliferation is more intense because of
higher exposure to IL-15.
The observation that CD122hi CD8  cells are under the
control of a single cytokine, IL-15, raises the question why
other cytokines, e.g., IL-7, cannot substitute for the ab-
sence of IL-15. On this point, two observations indicate
that raising the concentration of IL-7 in vivo to above-nor-
mal levels causes CD122hi CD8  cells to lose their sole de-
pendency on IL-15; here, the cells can utilize either IL-7 or
IL-15. First, homeostatic proliferation of CD122hi CD8 
cells in irradiated hosts can occur in either IL-7 /  or IL-
15 /  hosts but not in combined IL-7 / /IL-15 /  hosts
(39). Our interpretation of this finding is that levels of IL-7
rise appreciably in irradiated hosts (reflecting diminished
absorption of IL-7 because of T cell depletion), thus allow-
ing the donor T cells to utilize either IL-15 or IL-7 for
proliferation. Second, in marked contrast to IL-15 /  mice,
IL-7 transgenic mice on an IL-15 /  background contain
large numbers of CD122hi CD8  cells (40); here, high lev-
els of IL-7 compensate for the absence of IL-15. In light of
these findings, the sole dependency of CD122hi CD8  cells
on IL-15 in normal mice may simply reflect that the con-
centration of other cytokines, notably IL-7, is too low to
be significant. By contrast, the observation that some anti-
gen-specific CD122hi CD8  memory cells can survive in
the absence of IL-15 (see above) might reflect heightened
sensitivity of these cells to IL-7.
The finding that one subset of memory-phenotype cells,
namely CD122hi CD44hi CD8  cells, is heavily dependent
on a single cytokine, IL-15, poses the question whether cy-
tokines control proliferation/survival of other memory-
phenotype cells. For the CD122lo component of CD44hi
CD8  cells, it was mentioned earlier that these cells com-
prise  40% of CD44hi CD8  cells in normal young mice
and account for nearly all of the residual CD44hi CD8 
cells found in IL-15 /  mice. Yet, despite being IL-15 in-
dependent, the baseline turnover of CD122lo CD44hi
CD8  cells in both normal and IL-15 /  mice is apprecia-
bly higher than for typical CD122hi CD44hi CD8  cells.
What then is the stimulus for these CD122lo cells? One
possibility is that CD122lo CD44hi CD8  cells are stimu-945 Judge et al.
lated via chronic low-level, TCR-dependent responses to
environmental antigens, thereby explaining their high rate
of turnover. If so, CD122lo CD44hi CD8  cells might rep-
resent a subset of short-lived effector cells rather than true
memory cells. Adoptive transfer studies with MHC class
I /  hosts will be needed to assess this possibility.
For CD44hi CD4  cells, we found no evidence that pro-
liferation/survival of these cells was influenced by IL-15.
This finding is to be expected because CD44hi CD4  cells
are present in normal numbers in IL-15 /  mice and, being
CD122lo, are poorly equipped to respond to IL-15.
Whether these cells are under the control of other cyto-
kines is unclear, although it is striking that long-lived
CD44hi CD4  memory cells can be generated from  c
 / 
mice (41).
In conclusion, the data in this paper demonstrate that the
major subset of CD122hi CD44hi CD8  cells found in nor-
mal mice is crucially dependent on IL-15, both for survival
and turnover. In addition, the data show that other CD44hi
CD8  cells, namely CD122lo cells, are IL-15 independent
and comprise nearly all of the residual CD44hi CD8  cells
found in IL-15 /  mice; these cells may represent the im-
mediate precursors of typical memory cells. The division of
CD44hi CD8  cells into discrete subsets of IL-15–depen-
dent and IL-15–independent cells may resolve the previous
finding that background proliferation of CD44hi CD8 
cells in vivo is only partially inhibited by CD122 mAb (18)
and that IL-15 /   mice are only partially depleted of
CD44hi CD8  cells (16).
We thank Ms. Barbara Marchand for typing the manuscript and we
are grateful to Immunex for providing us with IL-15 /  mice. This
work was supported by grants CA38355, AI21487, AI46710,
AG01743, AI41079, and AI45809 from the United States Public
Health Service.
C.D. Surh is a scholar of the Leukemia and Lymphoma Society.
Publication no. 14172-IMM from The Scripps Research Institute.
Submitted: 13 May 2002
Revised: 23 July 2002
Accepted: 13 August 2002
References
1. Sprent, J., and C.D. Surh. 2001. Generation and maintenance
of memory T cells. Curr. Opin. Immunol. 13:248–254.
2. Schluns, K.S., W.C. Kieper, S.C. Jameson, and L. Lefrancois.
2000. Interleukin-7 mediates the homeostasis of naive and
memory CD8 T cells in vivo. Nat. Immunol. 1:426–432.
3. Tan, J.T., E. Dudl, E. LeRoy, R. Murray, J. Sprent, K.I.
Weinberg, and C.D. Surh. 2001. IL-7 is critical for homeo-
static proliferation and survival of naive T cells. Proc. Natl.
Acad. Sci. USA. 98:8732–8737.
4. Dutton, R.W., L.M. Bradley, and S.L. Swain. 1998. T cell
memory. Annu. Rev. Immunol. 16:201–223.
5. Tough, D.F., and J. Sprent. 1994. Turnover of naive- and
memory-phenotype T cells. J. Exp. Med. 179:1127–1135.
6. Murali-Krishna, K., L.L. Lau, S. Sambhara, F. Lemonnier, J.
Altman, and R. Ahmed. 1999. Persistence of memory CD8
T cells in MHC class I-deficient mice. Science. 286:1377–
1381.
7. Ku, C.C., J. Kappler, and P. Marrack. 2001. The growth of
the very large CD8  T cell clones in older mice is controlled
by cytokines. J. Immunol. 166:2186–2193.
8. Swain, S.L., H. Hu, and G. Huston. 1999. Class II-indepen-
dent generation of CD4 memory T cells from effectors. Sci-
ence. 286:1381–1383.
9. Waldmann, T.A., and Y. Tagaya. 1999. The multifaceted
regulation of interleukin-15 expression and the role of this
cytokine in NK cell differentiation and host response to in-
tracellular pathogens. Annu. Rev. Immunol. 17:19–49.
10. Tough, D.F., P. Borrow, and J. Sprent. 1996. Induction of
bystander T cell proliferation by viruses and type I interferon
in vivo. Science. 272:1947–1950.
11. Tough, D.F., S. Sun, and J. Sprent. 1997. T cell stimulation
in vivo by lipopolysaccharide (LPS). J. Exp. Med. 185:2089–
2094.
12. Sprent, J., X. Zhang, S. Sun, and D. Tough. 2000. T cell
proliferation in vivo and the role of cytokines. Phil. Trans. R.
Roc. Lond. Biol. Sci. 355:317–322.
13. Eberl, G., P. Brawand, and H.R. MacDonald. 2000. Selec-
tive bystander proliferation of memory CD4  and CD8  T
cells upon NK T or T cell activation. J. Immunol. 165:4305–
4311.
14. Tough, D.F., X. Zhang, and J. Sprent. 2001. An IFN- -
dependent pathway controls stimulation of memory-pheno-
type CD8  T cell turnover in vivo by IL-12, IL-18 and IFN- .
J. Immunol. 166:6007–6011.
15. Zhang, X., S. Sun, I. Hwang, D.F. Tough, and J. Sprent.
1998. Potent and selective stimulation of memory-phenotype
CD8  T cells in vivo by IL-15. Immunity. 8:591–599.
16. Kennedy, M.K., M. Glaccum, S.N. Brown, E.A. Butz, J.L.
Viney, M. Embers, N. Matsuki, K. Charrier, L. Sedger, C.R.
Willis, et al. 2000. Reversible defects in natural killer and
memory CD8 T cell lineages in interleukin 15-deficient
mice. J. Exp. Med. 191:771–780.
17. Lodolce, J.P., D.L. Boone, S. Chai, R.E. Swain, T. Dassop-
oulos, S. Trettin, and A. Ma. 1998. IL-15 receptor maintains
lymphoid homeostasis by supporting lymphocyte homing
and proliferation. Immunity. 9:669–676.
18. Ku, C.C., M. Murakami, A. Sakamoto, J. Kappler, and P.
Marrack. 2000. Control of homeostasis of CD8  memory T
cells by opposing cytokines. Science. 288:675–678.
19. Raulet, D.H., R.E. Vance, and C.W. McMahon. 2001.
Regulation of the natural killer cell receptor repertoire.
Annu. Rev. Immunol. 19:291–330.
20. Coles, M.C., C.W. McMahon, H. Takizawa, and D.H.
Raulet. 2000. Memory CD8 T lymphocytes express inhibi-
tory MHC-specific Ly49 receptors. Eur. J. Immunol. 30:236–
244.
21. Sun, S., H. Kishimoto, and J. Sprent. 1998. DNA as an adju-
vant: capacity of insect DNA and synthetic oligodeoxynucle-
otides to augment T cell responses to specific antigen. J. Exp.
Med. 187:1145–1150.
22. Doherty, T.M., R.A. Seder, and A. Sher. 1996. Induction
and regulation of IL-15 expression in murine macrophages. J.
Immunol. 156:735–741.
23. Mattei, F., G. Schiavoni, F. Belardelli, and D.F. Tough.
2001. IL-15 is expressed by dendritic cells in response to type
I IFN, double-stranded RNA, or lipopolysaccharide and
promotes dendritic cell activation. J. Immunol. 167:1179–
1187.
24. Lodolce, J.P., P.R. Burkett, D.L. Boone, M. Chien, and A.946 IL-15 Dependency of a Subset of Memory-Phenotype CD8  Cells
Ma. 2001. T cell-independent interleukin 15a signals are re-
quired for bystander proliferation. J. Exp. Med. 194:1187–
1194.
25. Nishimura, H., T. Yajima, Y. Naiki, H. Tsunobuchi, M.
Umemura, K. Itano, T. Matsuguchi, M. Suzuki, P.S. Ohashi,
and Y. Yoshikai. 2000. Differential roles of interleukin 15
mRNA isoforms generated by alternative splicing in immune
responses in vivo. J. Exp. Med. 191:157–170.
26. Marks-Konczalik, J., S. Dubois, J.M. Losi, H. Sabzevari, N.
Yamada, L. Feigenbaum, T.A. Waldmann, and Y. Tagaya.
2000. IL-2-induced activation-induced cell death is inhibited
in IL-15 transgenic mice. Proc. Natl. Acad. Sci. USA. 97:
11445–11450.
27. Suzuki, H., T.M. Kundig, C. Furlonger, A. Wakeham, E.
Timms, T. Matsuyama, R. Schmits, J.J. Simard, P.S. Ohashi,
H. Griesser, et al. 1995. Deregulated T cell activation and au-
toimmunity in mice lacking interleukin-2 receptor  . Science.
268:1472–1476.
28. Kim, Y.S., W. Maslinski, X.X. Zheng, A.C. Stevens, X.C.
Li, G.H. Tesch, V.R. Kelley, and T.B. Strom. 1998. Target-
ing the IL-15 receptor with an antagonist IL-15 mutant/Fc
 2a protein blocks delayed-type hypersensitivity. J. Immunol.
160:5742–5748.
29. Li, X.C., G. Demirci, S. Ferrari-Lacraz, C. Groves, A. Coyle,
T.R. Malek, and T.B. Strom. 2001. IL-15 and IL-2: a matter
of life and death for T cells in vivo. Nat. Med. 7:114–118.
30. Goldrath, A.W., L.Y. Bogatzki, and M.J. Bevan. 2000. Naive
T cells transiently acquire a memory-like phenotype during
homeostasis-driven proliferation. J. Exp. Med. 192:557–564.
31. Cho, B.K., V.P. Rao, Q. Ge, H.N. Eisen, and J. Chen. 2000.
Homeostasis-stimulated proliferation drives naive T cells to
differentiate directly into memory T cells. J. Exp. Med. 192:
549–556.
32. Goldrath, A.W., P.V. Sivakumar, M. Glaccum, M.K. Ken-
nedy, M.J. Bevan, C. Benoist, D. Mathis, and E.A. Butz.
2002. Cytokine requirements for acute and basal homeostatic
proliferation of naive and memory CD8  T cells. J. Exp.
Med. 195:1515–1522.
33. Becker, T.C., E.J. Wherry, D. Boone, K. Murali-Krishna, R.
Antia, A. Ma, and R. Ahmed. 2002. Interleukin 15 is re-
quired for proliferative renewal of virus-specific memory
CD8 T cells. J. Exp. Med. 195:1541–1548.
34. Schluns, K.S., K. Williams, A. Ma, X.X. Zheng, and L. Le-
francois. 2002. Cutting edge: requirement for IL-15 in the
generation of primary and memory antigen-specific CD8 T
cells. J. Immunol. 168:4827–4831.
35. Huang, L.R., F.L. Chen, Y.T. Chen, Y.M. Lin, and J.T.
Kung. 2000. Potent induction of long-term CD8  T cell
memory by short-term IL-4 exposure during T cell receptor
stimulation. Proc. Natl. Acad. Sci. USA. 97:3406–3411.
36. Ugolini, S., C. Arpin, N. Anfossi, T. Walzer, A. Cambiaggi,
R. Forster, M. Lipp, R.E. Toes, C.J. Melief, J. Marvel, and
E. Vivier. 2001. Involvement of inhibitory NKRs in the sur-
vival of a subset of memory-phenotype CD8  T cells. Nat.
Immunol. 2:430–435.
37. Manjunath, N., P. Shankar, J. Wan, W. Weninger, M.A.
Crowley, K. Hieshima, T.A. Springer, X. Fan, H. Shen, J.
Lieberman, and U.H. von Andrian. 2001. Effector differenti-
ation is not prerequisite for generation of memory cytotoxic
T lymphocytes. J. Clin. Invest. 108:871–878.
38. Weninger, W., M.A. Crowley, N. Manjunath, and U.H.
von Andrian. 2001. Migratory properties of naive, effector,
and memory CD8  T cells. J. Exp. Med. 194:953–966.
39. Tan, J.T., B. Ernst, W.C. Kieper, E. LeRoy, J. Sprent, and
C.D. Surh. 2002. Interleukin (IL)-15 and IL-7 jointly regu-
late homeostatic proliferation of memory phenotype CD8 
cells but are not required for memory phenotype CD4  cells.
J. Exp. Med. 195:1523–1532.
40. Kieper, W.C., J.T. Tan, B. Bondi-Boyd, L. Gapin, J. Sprent,
R. Ceredig, and C.D. Surh. 2002. Overexpression of inter-
leukin (IL)-7 leads to IL-15-independent generation of
memory phenotype CD8  T cells. J. Exp. Med. 195:1533–
1539.
41. Lantz, O., I. Grandjean, P. Matzinger, and J.P. Di Santo.
2000.   chain required for naive CD4  T cell survival but
not for antigen proliferation. Nat. Immunol. 1:54–58.